Abstract. Experimental studies of the magnetoelectric effect are presented in structures manufactured by electrolytic deposition of nickel on a substrate of gallium arsenide. It is shown that the use of gold-germanium-nickel sublayer, when sprayed on a substrate, significantly improves the adhesion between electrolytically deposited nickel and substrate. Linear and nonlinear magnetoelectric effects on the alternating magnetic field are observed in these structures. Both effects have resonant character and the resonance frequency of the nonlinear effect is twice less than that of the linear effect. In weak fields, the value of the nonlinear magnetoelectric effect is in quadratic dependence on the alternating magnetic field and unlike the linear magnetoelectric effect, it does not depend on the bias field.
Introduction
Magnetoelectric (ME) multiferroic structures, simultaneously exhibiting ferromagnetism and ferroelectricity, have recently motivated an increasing number of research activities for their scientific interest and have drawn significant interest due to their potential applications in many multifunctional devices, such as transducers, passive magnetic field sensors, electricwrite magnetic-read memory devices, microwave filters, energy harvest devices, actuators, etc. [1] [2] [3] . Natural multiferroic single-phase compounds are rare, and their ME responses are either relatively weak or occur at temperatures too low for practical applications. In contrast, the multiferroic composites, which incorporate both ferroelectric and ferri-ferromagnetic phases, typically yield giant ME coupling response above room temperature, which makes them ready for technical applications.
The historical perspectives of the multiferroic ME composite materials appeared in 1972. In such composites, the ME effect is generated as a product property of a magnetostrictive and a piezoelectric material. The multiferroic materials with coexistence of at least two ferroic orders (ferroelectric, ferromagnetic, or ferroelastic) have drawn growing attention due to their potential for applications as multifunctional devices. In multiferroic materials, the coupling interaction between different order parameters could produce new effects, such as the ME effect [4] [5] [6] [7] .
The layered magnetoelectric (ME) composites are structures consisting of interlaced, mechanically interacting magnetostrictive and piezoelectric plates. They have certain advantages over bulk composites: they are better polarized, and metals having a high coefficient of magnetostriction can be used as magnetostrictive phase [8] . However, the greatest disadvantages of layered structures are the poor mechanical durability and the samples fibering on the phase boundaries. Most of the laminated structures are prepared using an interlayer polymer phase (glue), which impairs the parameters, leads to an undesirably high temperature dependence, and reduces the quality factor of the structure. The magnetoelectric effect in a structure, where the magnetostrictive phase was applied to the piezoelectric substrate by the spraying method was studied [9] . This provides a good mechanical contact between the phases, but does not allow obtaining high values of the effect. The maximum effect is achieved under the condition p t
where m Y and p Y are the Young's moduli of magnet and piezoelectric, m t and p t are the thicknesses, respectively [10] . Young's moduli of piezoelectric and magnet materials generally differ less than two times, so the maximum effect is obtained at about the same thickness of the magnet and piezoelectric. Using the electrodeposition method allows getting magnetostrictive layers which have thickness comparable with the thickness of piezoelectric substrate. However, a problem of adhesion arises. The previously obtained samples with thickness of magnetostrictive phase of 100 µm showed significant reduction in the adhesion properties. Consequently, the value of the effect in such structures is considerably lower than that of the adhesive structures [11] . An enhanced converse ME effect has been experimentally observed in cylindrical PZTp-Terfenolp-D piezoelectric-magnetostrictive bilayered composites [12] . In this paper, sublayers are used to improve the adhesion between the phases, which are deposited on the substrate by electron-beam evaporation.
Material and methods
According to the results of numerous performed experiments, the best results for GaAs substrate are achieved by using sublayers of Au-Ge-Ni composition. The thickness of each sublayer is of order 0.15 µm. In manufacturing the layered structures, a material with highest piezoelectric value is usually selected as a piezoelectric, for example, lead zirconate titanate (PZT). However, the results of calculations in [10, 13] show that the value of ME effect is directly proportional to the piezoelectric modulus and inversely proportional to the dielectric constant of the piezoelectric. Although the piezoelectric value of GaAs is 37 times less than that of PZT (GaAs d = −2.69 pC/m, PZT d = 100 pC/m), its dielectric constant is 135 times less than that of PZT (GaAs ε = 12.9, PZT ε = 1750). As a result, under the other equal conditions, we may expect the value of the ME effect in structures based on GaAs to be 3.5 times greater than in structures based on PZT.
Another challenge in creating structures is based on the effects that occur at the interface due to the disproportion between the phases. The lattice constant of GaAs is 0.56533 nm and 0.3524 nm for Ni. As a result, large mechanical stresses arise during the growth of thick layers in the structure. The structure is destroyed even under small mechanical influences due to the warping of the sample if the Ni layer is deposited on one side of the substrate. Therefore, the trilayer system Ni-GaAs-Ni is used to manufacture the structures. This increases the durability of the structure, on one hand, and in turn prevents the samples to change their initial shape, on the other hand. Gallium arsenide belongs to the hextetrahedral class (the international symbol is43m), and the nonzero components of piezoelectric moduli are d 14 = d 25 = d 36 . Therefore, the ME effect in GaAs occurs as a result of transverse oscillations propagation in the structure, unlike the PZT, where the ME effect is a result of longitudinal oscillations. Shear deformations occur at the XY plane in the magnetostrictive component when the sample is placed in an alternating magnetic field having Y projection. These deformations are transmitted to the piezoelectric phase by the stress tensor T yz , which leads to a change in polarization and the appearance of voltage between the electrodes.
Magnetostriction is an effect, generally nonlinearly dependent on the magnetization. Its value depends on the size of the sample and the thickness of the film. The dependence of magnetostriction on the magnetic field is shown in [14] for samples of length of about 14 mm and with deposited Ni films. As was shown in the figure [14] , in weak fields (up to 50 Oe), the dependence of the magnetostriction λ(H) can be represented as
Here the following designations are used: q = ∂λ/∂H H=H bias is the piezomagnetic coefficient,
is the magnetostrictive coefficient, and H bias is the bias magnetic field. It is clear that in the absence of the bias field, i.e., for H bias = 0, the piezomagnetic coefficient is q = 0, whereas the magnetostriction coefficient is g = 0. This leads to the linear ME effect which is observed only for a bias magnetic field, except for the samples with hysteresis [15] . The nonlinear ME effect is observed for both H bias = 0 and in the case where the magnetizing field is nonzero. Since the oscillation frequency is proportional to the squared harmonic signal, the oscillations of the medium are excited with twice the frequency of the alternating magnetic field. As a result, the resonant excitation occurs at half the magnetic field frequency of the main resonance.
Experimental section
The experimentally obtained frequency dependence of the ME effect is shown in figure 1 for NiGaAs-Ni structure. The structures were prepared by the method of electrodeposition of nickel on a substrate of gallium arsenide with sublayers Au-Ge-Ni. The samples were cut from plates with surface orientation (100) as parallelepipeds of thickness p t = 0.4 mm, length L = 15 mm, and width W = 5 mm. The thickness of each nickel layer was m t = 20 µm. The long side of the sample had direction < 110 >. The samples were placed in a solenoid so that the long boundaries of the samples and the solenoid axis were at 45 degrees with respect to each other. The value of the alternating magnetic field was H = 0.1 Oe. Figure 1 shows that, along with the main resonance at a frequency f 1 = 165 kHz, an additional resonance is observed at a frequency f 2 = 82.5 kHz, which is half the frequency of the main resonance. The frequency dependence of the ME effect in the second resonance region is additionally shown in the insertion. The value of this resonance did not changed as the magnetizing field changed. The peak value of the voltage for linear ME effect is U res = 1.5 V. This gives a value of the ME coefficient equal to α E = U/ p t ·H = 375 V/cm·Oe or α E = 470 V/A when the piezoelectric thickness is p t = 0.4 mm and the magnet field value is H = 0.1 Oe. The obtained value for the ME coefficient is 5 times greater than the same value for structures manufactured by the method of spraying Ni on GaAS substrate (the ME coefficient for such structures is α E = 85 V/A). It is also greater than the value of the ME coefficient (α E = 113 V/A) in Ni-PZT-Ni adhesive structures (Ni and PZT layers are glued).
Conclusions
Structures with good adhesion between the layers and with thickness of magnetostrictive layer 20-30 µm can be obtained using Au-Ge-Ni sublayers deposited on GaAs substrate and followed by Ni electrolytic deposition. The linear ME effect in an alternating magnetic field and a nonlinear ME effect are observed in the structure. In the obtained structures, the resonance value of the ME coefficient is almost 5 times greater than this value for the structures obtained by Ni deposition on GaAs substrate and 4 times greater than this value for the adhesive structure Ni-PZT-Ni.
